Bacterial nitric oxide synthesis  by Cutruzzolà, Francesca
Review
Bacterial nitric oxide synthesis
Francesca Cutruzzola' *
Dipartimento di Scienze Biochimiche, Universita' di Roma ‘La Sapienza’, P.le A. Moro, 5, 00185 Rome, Italy
Received 6 July 1998; received in revised form 9 November 1998; accepted 16 December 1998
Abstract
The structure-function relationships in nitrite reductases, key enzymes in the dissimilatory denitrification pathway which
reduce nitrite to nitric oxide (NO), are reviewed in this paper. The mechanisms of NO production are discussed in detail and
special attention is paid to new structural information, such as the high resolution structure of the copper- and heme-
containing enzymes from different sources. Finally, some implications relevant to regulation of the steady state levels of NO
in denitrifiers are presented. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
Nitric oxide (NO) plays a pivotal role in a wide
variety of physiological and pathological processes in
mammals; the majority of these processes involve
cell to cell signaling and cell-host response. In mam-
mals, NO is synthesized by a speci¢c class of en-
zymes known as NO synthases (NOS) which catalyze
the oxygen and NADPH-dependent oxidation of a
guanidino nitrogen of the amino acid L-arginine. In
bacteria, no similar role can be depicted for NO; in a
way this is not surprising given their unicellular sta-
tus. To date, a bacterial NOS with features resem-
bling those from mammals has been found only in
one microbial species, i.e. the Nocardia species. The
biological relevance of this bacterial NOS is still elu-
sive: some properties of this enzyme and its possible
role will, however, be reviewed below.
A totally di¡erent picture of the role of NO in
microorganisms, and in the biosphere, is drawn if
we consider this molecule as a key intermediate in
the nitrogen cycle. This is a biogeochemical cycle
consisting of several interconnected processes by
which atmospheric dinitrogen is ¢rst ¢xed into
NH3, which is then converted into biochemical
amines (proteins, nucleic acids, glycosamines); most
of the NH3 which then arises from organism’s decay
is oxidized to nitrites and nitrates during nitri¢ca-
tion. In dissimilatory denitri¢cation, to be distin-
guished from assimilatory processes producing NH3
and amines, nitrate is used instead of oxygen as an
electron acceptor for energy production, and reduced
to gaseous nitrogen oxides (NO, N2O, N2) [89]. Dis-
similatory denitri¢cation is common to many facul-
tative anaerobic bacteria and plays a key role in the
nitrogen cycle being the only biological source of N2.
Moreover, substrates and products of this metabolic
pathway are intensively monitored in the environ-
ment because of their involvement as soil, water
and atmosphere pollutants. The denitri¢cation trait
is usually active under low oxygen tension or when
nitrogen oxides are available as electron acceptors.
The genetic and molecular basis of denitri¢cation
have been reviewed recently, also in connection with
other cellular processes [5,12,45,118]. Several redox
proteins are involved in the denitri¢cation chain,
namely the reductases for nitrate, nitrite, NO and
nitrous oxide, and multiple electron donors speci¢c
for these enzymes. Some of these components are
bound to the cytoplasmic membrane, while the solu-
ble ones are found in the periplasmic space of the
Gram-negative bacteria.
Nitrite reductase (NIR) is a key enzyme in the
dissimilative denitri¢cation chain, catalyzing the re-
duction of nitrite (the toxic product of nitrate reduc-
tase activity) to NO. Dissimilative nitrite reductase is
therefore considered the major known source of NO
in bacteria. Puri¢cation and characterization of NIR
from several bacterial sources have shown that there
are two distinct classes of dissimilatory nitrite reduc-
tases which yield NO as the main reaction product,
containing either copper (CuNIR) or heme (cd1NIR)
as cofactor, the heme containing enzyme being more
frequent [22]. Besides the species from which the en-
zyme has been puri¢ed, several others were shown to
contain either type of NIR on the basis of DNA
hybridization [87,115] and/or inhibition of denitri¢-
cation by the Cu chelator diethyldithiocarbamate
(DDC) [80]. The enzymes containing copper and
heme never coexist within the same bacterial species;
the biological relevance of this redundancy has not
yet been clearly established, although some specula-
tion can be made about availability of Cu and iron in
di¡erent microenvironments. Functional complemen-
tation of a cd1NIR de¢cient strain of Pseudomonas
stutzeri with the Cu NIR from Pseudomonas aureo-
faciens indicates that the two enzymes ful¢ll the same
role in vivo [35].
This review mainly focuses on the structure-func-
tion relationships in the two classes of dissimilatory
nitrite reductases and special attention is paid to re-
cent structural information on enzymes from di¡er-
ent sources, which have di¡erent structures and cat-
alyze reduction of nitrite to NO via di¡erent
mechanisms.
Although a matter of debate for a long time, it is
now accepted that NO is produced from nitrite re-
duction as an obligatory intermediate in most deni-
tri¢ers [45,118], and that it is further reduced to N2O
by a speci¢c NO reductase [15]. Several studies show
that excess NO is toxic to both bacteria and eukary-
otic cells; in mammals, cytokine-stimulated NO syn-
thesis from inducible NOS is a primary antimicrobial
host defense. The formation of high levels of NO is
also toxic to denitri¢ers. These bacteria can avoid
‘committing suicide’ only because they have devel-
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oped a ¢ne regulation of the activity and expression
of the two enzymes involved in NO production and
consumption, namely nitrite and NO reductases,
which keeps the steady state level of free NO at
nanomolar concentrations [38]. A brief discussion
of the factors regulating the steady state levels of
NO in denitri¢ers is also presented.
2. cd1 nitrite reductase
2.1. General properties
Heme nitrite reductases are generally dimers of
two identical subunits, each containing one heme c
and one unique heme d1. Up to now, cd1 enzymes
have been puri¢ed from Pseudomonas aeruginosa
[46,110,111], Pseudomonas nautica [13], Ps. stutzeri
[106], Paracoccus denitri¢cans [94], Paracoccus halo-
denitri¢cans [64], Roseobacter denitri¢cans [30], Azo-
spirillum brasilense SP7 [25], Magnetospirillum mag-
netotacticum [113], Alcaligenes faecalis [66],
Thiobacillus denitri¢cans [60] Ralstonia eutropha
[79]. The strain formerly called ‘Thiosphaera panto-
tropha’ from which a cd1NIR has been isolated [68],
is currently taxonomically identi¢ed as P. denitri¢-
cans strain GB17 [63,109] and will be referred to as
such in this review. However, is to be mentioned that
the proposal is arising, based on both protein and
nucleic acid comparison, to identify a new species
Paracoccus pantotropha which will include the ‘T.
pantotropha’ strain and one strain of P. denitri¢cans
[90,109].
The cd1 enzymes are all involved in respiratory
nitrite reduction, apart from those from R. denitri¢-
cans and M. magnetotacticum, which have been as-
signed an oxygen reductase and a Fe(II):nitrite oxi-
doreductase activity, respectively [30,113].
Most of the spectroscopic and functional informa-
tion on cd1NIRs were obtained on the Ps. aeruginosa
enzyme (EC 1.9.3.2) [83] discovered by Horio and
coworkers [46] and initially characterized for its oxy-
gen reductase activity, which is inhibited by both CO
and CN3 [110] and produces water [96]. Later, the
work of Yamanaka et al. [112] showed that the en-
zyme is also capable of catalyzing the reduction of
nitrite, an activity which is now accepted to be the
only physiological role of this enzyme. This assign-
ment is based both on kinetic and equilibrium results
with the two substrates (Table 1) and on genetic
evidence showing that strains of Ps. stutzeri and
Ps. aeruginosa in which nirS, the gene coding for
cd1NIR, has been selectively inactivated cannot
grow on N-oxides [117,119]. The nitrite reductase
activity is inhibited by CN3 but insensitive to CO
and its reaction product is NO [83]. The peculiarity
of cd1NIR to catalyze both the monoelectronic re-
duction of nitrite to NO and the tetraelectronic re-
duction of oxygen to water, which are mechanisti-
cally very di¡erent, is a very intriguing feature of
this enzyme. Other, less relevant activities have
been attributed to cd1NIR, such as the reduction of
NO to N2O, the oxidation of CO to CO2 and the
reduction of NH2OH to NH3 [83].
A summary of the spectroscopic, redox and cata-
lytic properties of the cd1NIRs from Ps. aeruginosa,
Ps. stutzeri, Ps. nautica, T. denitri¢cans and P. deni-
tri¢cans is given in Table 1. In the optical visible
spectrum of the oxidized protein from most species
the c heme is characterized by absorption maxima at
520 and 411 nm, while the d1 heme shows a broad
shoulder around 470 nm and a band centered at 640
nm. Two bands are, however, seen in the region be-
tween 640 and 710 for the P. denitri¢cans GB17 and
R. denitri¢cans cd1NIRs [19]. The reduced enzyme
absorption maxima for the c heme are at 548, 520
and 417 nm, and for the d1 heme at 650 and 456 nm.
The midpoint redox potentials of the two hemes
under various conditions, known for the Ps. aerugi-
nosa and Ps. nautica enzymes, are reported in Table
1: they range between +200 and +300 mV. It is note-
worthy that the midpoint redox potential of the c
heme is very sensitive to the ligation state of the d1
heme, being more negative when CO is bound [85],
and more positive when NO is bound (Table 1) [86].
Moreover, in the semiapoprotein, the midpoint redox
potential of the c heme is at least 100 mV more
positive than that of the holoprotein [82]. These ¢nd-
ings, together with data on speci¢c ligands, suggest
the existence of redox interactions among the di¡er-
ent hemes.
Electron donors to cd1NiRs have been identi¢ed in
vitro with a survey of soluble electron carriers, either
c-type cytochromes (cyt c550, cyt c551, cyt c554) or
copper proteins, like azurin or pseudoazurin
[13,68,98]. In a few cases the physiological electron
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donor could be identi¢ed in vivo, for example for the
Ps. aeruginosa [103] and P. denitri¢cans enzymes
[101]. However, the results do not give a unifying
picture, since in the former case only cyt c551 is in-
volved whereas in the latter both cyt c550 and pseu-
doazurin are implicated.
The catalytic properties of the enzyme have been
studied with several electron acceptors; the physio-
logically important reaction, nitrite reduction to NO,
will be discussed in detail below. Historically, the
reaction with oxygen was also actively studied be-
cause of the interest in the mechanism of the four
electron reduction to water and will be brie£y sum-
marized here. Early evidence indicating that the
product of oxygen reduction is water [110] was later
con¢rmed by measuring the stoichiometry of oxygen
reduction by both P. denitri¢cans [96] and Ps. aeru-
ginosa [98] NIR. Neither superoxide dismutase nor
catalase a¡ects the rate of oxygen consumption. A
bimolecular, oxygen dependent reaction (k = 3.3U104
M31 s31), yielding an intermediate with a low a⁄nity
for oxygen (approx. 104 M31), is followed by two
monomolecular processes [39]. Oxidation of the c
heme was shown unequivocally to occur synchro-
nously with binding of O2 to the reduced d1 heme,
implying a rapid cCd1 internal electron transfer rate
(k = 100 s31) to the oxygen complex of the enzyme
(to be compared to values of approx. 1 s31 reported
for the anaerobic reduction [78]).
2.2. Structure
The primary structure of the enzyme from ¢ve
di¡erent species has been determined with a com-
bined approach of recombinant DNA techniques
and classical biochemical methods [118]. Comparison
between the amino-terminal sequence of the mature
protein and that deduced from DNA translation of
the coding gene nirS (when available) reveals that
NIR is synthesized as a pre-protein, with a leader
peptide responsible for the periplasmic export previ-
ously determined. The mature subunit is over 500
amino acids long; it contains only two Cys at the
amino terminal region covalently bound to the vinyl
groups of the c heme. The degree of homology be-
tween cd1NIRs is much higher for the C-terminal d1
heme domain than for the N-terminal c heme do-
main, and is particularly low at the N terminus. Al-
together a 52.7% identity and 70% homology can be
calculated [118].
There is little doubt that the major novelty in the
cd1NIR ¢eld comes from the determination of the
high-resolution structures of the enzymes from P.
denitri¢cans GB17 and Ps. aeruginosa. In fact, since
1995, when the structure of the oxidized P. denitri¢-
cans GB17 cd1NIR (hereinafter Pd-cd1NIR) at 1.5 Aî
resolution was published [32], resolution was im-
proved to 1.2 Aî for the same form [6] and two
more structures were solved for the same enzyme,
i.e. the reduced and nitrite/NO bound [107]. The
structure of the oxidized form of Ps. aeruginosa
cd1NIR (hereinafter Pa-cd1NIR) was determined at
2.15 Aî [75] and, very recently, also the reduced NO-
bound form was obtained for this protein [74].
cd1NIR is a soluble homodimer (Mr = 120 000)
and each subunit contains one c heme and one d1
heme; thus the native dimeric protein carries four
metal centers. The high-resolution structure of the
enzyme from both species shows a conserved overall
architecture: each monomer is organized into two
structurally distinct domains, one carrying the c
heme and the other the d1 heme (Fig. 1A). The for-
mer, which is the electron acceptor pole of the mol-
ecule, contains mainly K-helices whereas the latter
has an eight-bladed L-propeller structure common
to other proteins [6,34,88]. The distances between
the hemes within a subunit are about 11 Aî edge-to-
edge and 20 Aî iron-to-iron; those between subunits
are much larger (s 35 Aî ). As discussed below, the d1
heme is the site where substrate binds and catalysis
occurs. With regard to quaternary structure, non-co-
valent interactions between monomers in the dimer
are very strong, since dissociation is not observed
even in 3 M NaCl or 6 M urea, but only at extreme
pH (s 11), or after extensive succinylation [58,84].
Proteolysis studies showed that the major contribu-
tion to dimer stability involves hydrophobic interac-
tions located at the d1 domain interface; this result
has recently been con¢rmed by inspection of the
structure [32,75]. The possibility that the dimeric
state is prevailing only in water, and that in vivo
the enzyme monomerizes at the lipid interface of
the cytoplasmic membrane still awaits clear experi-
mental evidence, although in some species a mem-
brane-bound fraction was shown to contain cd1NIR
[44,64].
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A closer look at the structure reveals signi¢cant
di¡erences in the c and d1 domains between the
two species; some of these can be related to di¡erent
primary sequences and are worthy of discussion since
they may be relevant to the interpretation of the
reaction mechanism.
2.2.1. c-Domain
In Pa-cd1NIR the K-helical c heme domain has a
topology similar to that of class I cytochromes c [70]
(Fig. 1A), whereas a di¡erent connectivity of the
helices is observed in Pd-cd1NIR [32]. In both pro-
teins a N-terminal segment from the c-domain ex-
tends towards the d1-domain and is inserted in the
active site pocket. In the Pd-cd1NIR this exchange
occurs within the same monomer, but in the Ps. aer-
uginosa enzyme a ‘domain swapping’ occurs, since
the tail of one monomer contacts the d1 site of the
neighboring monomer (Fig. 1A). The ligands of the c
heme in the oxidized form of the two enzymes are
strikingly di¡erent: His51-Met88 in Pa-cd1NIR and
His17-His69 for Pd-cd1NIR. Spectroscopic studies
(MCD, NMR, EPR) [19,92,95] available on the oxi-
dized form of both enzymes con¢rm that this pattern
of c heme ligation is the same also in solution; the
His-Met type ligation is also expected for the cd1NIR
of Ps. stutzeri on the basis of EPR and MCD studies
[19]. In Pd-cd1NIR the axial ligands change to His69-
Met106 upon reduction [107], triggering a large con-
formational change which involves also the d1 do-
main (see below). In the Ps. aeruginosa enzyme the
c heme ligands are unchanged upon reduction [74].
The c-domain is the electron accepting pole of the
molecule and the interaction with the electron donors
is mainly electrostatic in nature [82,85]. Several neg-
atively charged residues (mainly glutamates) that
could be involved in electron transfer complex for-
mation were identi¢ed by analysis of the c-domain
structure in both Pa-cd1NIR and Pd-cd1NIR
[75,108]. As for other systems, the formation of the
electron transfer complex is mainly driven by the
anisotropic distribution of surface charges which
leads to strong dipolar moments in the redox part-
ners [11]. However, a limited degree of cross-reactiv-
ity between electron donors and reductases from dif-
ferent species was observed and can be related to the
relatively ‘loose’ speci¢city of recognition of the in-
teracting surfaces in the complex [108].
The c heme was found to be hexacoordinated and
low spin in both reduction states [19,71,95,104];
nevertheless it may form a complex in Pa-cd1NIR
with several heme ligands (NO, CN3) under condi-
tions in which eukaryotic cyt c does not [7,81].
2.2.2. d1-Domain
The d1 heme is unique to denitri¢ers containing
the cd1NIR, where it is synthesized starting from N-
aminolevulinic acid via uroporphyrinogen III, a pre-
cursor common to other heme biosynthetic path-
ways; a sequence of events necessary for d1 biosyn-
thesis has recently been proposed [118]. Heme d1 has
been unequivocally identi¢ed as a 3,8-dioxo-17-acryl-
ate-porphyrindione [18] and its structure is reported
in Fig. 2; since it is so unique, it was suggested that it
could be responsible for some catalytic features of
the enzyme. The presence of the electronegative
oxo groups confers to the macrocycle distinct redox
properties, rendering it harder to oxidize than the
corresponding isobacteriochlorines [8], and thus
shifting the redox potential of the iron to more pos-
itive values. Studies on free heme d1 or porphyrin
models suggest that the heme conformation in solu-
tion deviates slightly from planarity, assuming a
dome-like shape with the pentacoordinated Fe(III)
out of plane [69]. The chemical nature of heme d1
has been con¢rmed by inspection of the crystal struc-
tures of all cd1NIRs: in the oxidized and reduced/
NO bound Pd-cd1NIR, heme d1 adopts a planar
conformation, whereas in the others a more dis-
torted, saddle-like conformation is preferred
[32,74,75,107]. It is tempting to speculate that this
di¡erence in conformation re£ects a protein-depend-
ent modulation of redox properties but to date this
has not been supported by experimental evidence.
The d1 heme binds the physiological oxidants (O2,
nitrite) as well as other heme ligands [83]. A semi-
apoprotein containing only the c heme can be ob-
tained either by acidic acetone treatment [43] or by
recombinant DNA techniques [82]. Reconstitution of
both apoproteins with puri¢ed or chemically synthe-
sized d1 heme is possible [82,106], with good recovery
of the spectroscopic properties of the holoenzyme
and of the oxygen and nitrite reductase activities.
On the basis of EPR [71], NMR [95] and MCD
measurements [104], the d1 heme in Pa-cd1NIR has
been assigned as a low spin, hexacoordinated species
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in the ferric state, and high spin pentacoordinated in
the ferrous state. One axial ligand is always provided
by a histidine. The sixth ligand in the low spin ferric
form, initially assigned to a histidine [92], was lately
reinterpreted as a water or a hydroxide ion and ¢-
nally con¢rmed to be a hydroxide ion in the oxidized
Pa-cd1NIR structure [75]. The ligation is di¡erent in
the oxidized Pd-cd1NIR structure where the sixth
ligand is provided by the phenolate of Tyr25 [32], a
residue belonging to the N-terminal segment and
thus to the c-domain (see above). Since this residue
is poorly conserved among the cd1NIRs from di¡er-
ent species [118], it is possible that this structure may
represent a resting form of the enzyme. In Pa-
cd1NIR a Tyr is found in the d1 heme pocket, but
is located further away from the iron: its mutation to
Phe does not alter the catalytic and optical properties
of the enzyme [23]. A recent study on the temper-
ature dependence of the electronic and MCD proper-
ties of oxidized Pd-cd1NIR indicates that in this pro-
tein the ferric d1 heme exists in a thermal low spin/
high spin mixture with the low spin state as the
ground state [19]. As pointed out in [19] a low spin
ferric d1 heme-associated K-band in the 636^644 nm
region is common to all NIRs and may indicate a
common His/OH or His/Tyr ligation: however,
whether the latter form is on or o¡ the catalytic path-
way still remains unclear (see below).
Among the other residues found in close proximity
of the d1 heme, an important role in catalysis could
be played by two His residues which are hydrogen
bonded to a water molecule in the Pd-cd1NIR oxi-
dized structure [32] or directly to the ligand hydrox-
ide in the Pa-cd1NIR oxidized structure [75]. These
residues are good candidates to be involved in the
protonation and dehydration of nitrite (see below).
2.3. Catalytic mechanism of nitrite reduction
The ¢rst catalytic activity attributed to Ps. aerugi-
nosa NIR was an oxygen reductase one, but it is now
clear that this has little physiological relevance and
that the monoelectronic reduction of nitrite to NO is
the main activity in vivo. After the initial evidence of
Yamanaka et al. [112] demonstrating nitrite reduc-
tion to NO, a long lasting discussion on the product
of this reaction has started. The contention that NO
is indeed the product of NIR activity is supported by
several biochemical and genetic evidences such as:
(a) puri¢cation from several denitrifying bacteria
[17,42] of NO reductases clearly distinct from NIR,
being bc-type cytochromes; (b) identi¢cation of Ps.
stutzeri mutants lacking nitrite reductase, but not
NO reductase activity [15]; (c) trapping experiments
in the presence of hemoglobin [37]; (d) more re-
cently, determination of the product-bound cd1NIR
structure for Ps. aeruginosa and P. denitri¢cans
GB17 which has shown unequivocally that NO is
the ligand, with no evidence for N2O bound at the
d1 heme site [74,107].
The mechanism of nitrite reduction to yield NO
involves chemically complex steps such as transfer
of a reducing equivalent into an electron-rich species,
e.g. the nitrite anion, possibly followed by protona-
tion and dehydration. Furthermore, product inhibi-
tion may occur, exerted by the NO produced at the
catalytic site, which forms stable complexes with the
ferrous d1 heme and, at acidic pH, also with the c
heme [81]. The structural and functional data now
available suggest a possible reaction scheme for
cd1NIRs as shown in Fig. 3A.
The presence of a reactive nitrosyl intermediate
(d1-Fe2NO) acting as a strong electrophile was
¢rst shown in 18O/15N exchange experiments in
which cd1NIR catalyzes nitrosation of hydroxyl-
amines, azide and amines [33,54]; the reverse reac-
tion leads to incorporation of 18O from H182 O into
the product NO [33]. The nitrosyl intermediate (d1-
Fe2NO), which is formally equivalent to (d1-
Fe3NO), is chemically unstable and rapidly decays
to d1-Fe3 plus NO (Fig. 3A). Spectroscopic evi-
dence of the nitrosyl intermediate, which is diamag-
netic and hence EPR silent, has been obtained by
FTIR on the oxidized, NO reacted, Ps. stutzeri en-
zyme which shows N-O stretching bands at 1910
(1874) cm31 attributed to this species [105]. Data
on the NO complexes of d1 heme synthetic models
show that the formation of a ferrous Z-cation radical
with a bent Fe-NO bond is also possible [8,77]. For-
mation of this species is facilitated by the oxo groups
of the macrocycle which increase the positive charge
on the iron; under these conditions, a weakening of
the Fe-NO bond is observed and NO dissociation
occurs readily in the presence of a nucleophile. Re-
duction of either transient species leads to the for-
mation of a paramagnetic (d1-Fe2NO) stable adduct
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in vitro with slow NO dissociation rates, which has
been observed by EPR [86] (Fig. 3A).
As far as the kinetics of the reaction is concerned,
it was shown for the Ps. aeruginosa enzyme that at
pH 8.0 the binding and dehydration step is very fast
(con¢rming the higher reactivity towards nitrite than
oxygen), almost di¡usion-limited (kv 108 M31 s31),
while the internal electron transfer is slow (1 s31) and
the ¢nal species is the d1-Fe2NO complex [86]. Pulse
radiolysis studies on the P. denitri¢cans NIR have
shown that the internal electron transfer rate is
much larger [55], although no spectroscopic evidence
could be obtained under the experimental conditions
used for the large conformational switch observed in
the structure upon reduction [107]. In vitro, under
the pre-steady state conditions the Ps. aeruginosa en-
zyme is locked in the NO inhibited form after one
catalytic cycle in the presence of excess reducing
equivalents [86], in agreement with the observation
that steady state oxidation of macromolecular sub-
strates with nitrite as electron acceptor is much slow-
er at pH above 6.5 [81]. Interestingly, a pH depend-
ence of cd1NIR activity with accumulation of nitrite
has been recently observed in vivo in cultures of P.
denitri¢cans grown at suboptimal pH (6.8), indicat-
ing that an inactivation may occur in this species at
low pH [10].
The structure of the Pd-NIR at 1.8^2.0 Aî resolu-
tion during catalysis has been determined by time-
resolved X-ray crystallography [107]. Reduction of
the enzyme and addition of nitrite lead to the follow-
ing major changes: (i) upon reduction the c heme
changes coordination going from His-His to His-
Met and returns His-His when NO (the reaction
product) is bound; (ii) Tyr25, the sixth ligand of
the d1 heme in the oxidized form, swings out of the
pocket and comes gradually back during catalysis
going from the nitrite to the NO-bound form; (iii)
both nitrite and NO are bound to the d1 heme with
the N atom, and a network of hydrogen bonds with
Table 1
Properties of cd1NIR
Property Ps. aeruginosa Ps. stutzeri P. denitri¢cansd Ps. nautica T. denitri¢cans
Molecular mass (kDa)
(homodimer)
119^121 119^134 120 131 118
VIS absorbance (nm)
(oxidized form) 411, 520, 640 411, 525, 641 406, 525, 644, 702 409, 521, 636 407, 525, 642
(reduced form) 418, 460, 521, 549,
554, 625^655
417, 460, 522, 548,
554, 625^655
418, 460, 521, 547,
553, 625^655
416, 460, 521, 548,
552, 625^655
418, 460, 523, 549,
553, 625^650
EPR parameters (g values)
Heme d1 2.51, 2.43, 1.71 2.56, 2.42, 1.84 2.52, 2.19, 1.84 2.51, 2.33, 1.67 2.50, 2.43, 1.70
Heme c 3.01, 2.29, 1.40 2.97, 2.24, 1.58 3.05 2.92, 2.35 3.6
Em;7 (mV)
Heme c +288a (s 290b)
(6 214c)
+234 (pH 7.6)
Heme d1 +287 +199 (pH 7.6)
Electron donor(s) Cyt c551/azurin Cyt c551 Cyt c550/
pseudoazurin
Cyt c552
Km for NO32 (WM)
(electron donor)
53 (hydroxyquinone) 6 (Cyt c550)
Km for O2 (WM)
(oxygen electrode)
28 80
Activity (Wmol min31 mg31)
With NO32 3.8 4.15 4.0
With O2 1.3
Refs. [83] [19,118] [19,26,94] [13] [49,60]
aWhen d1 heme is unbound.
bwhen d1 heme is NO bound.
cwhen d1 heme is CO bound.
dData reported here refer to di¡erent P. denitri¢cans strains, including P. denitri¢cans GB17.
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water molecules and/or the active site His imidazoles
is observed. The Fe-N distance is 2 Aî in the NO
adduct [107], a little longer than in other heme pro-
tein Fe2-NO adducts where this distance is about
1.8 Aî [16], suggesting that the iron could be in the
ferric form; the product is bound in a bent confor-
mation, with a Fe-N-O angle of 131‡ (Fig. 4A). Very
recently the structures of the reduced and nitrite-re-
acted forms of Pa-cd1NIR were also determined [74]:
although di¡erent structural changes could be seen
upon reduction in Pa-cd1NIR (Fig. 1B), the structure
of the NO-reduced form of the enzyme from both
species is markedly similar (Fig. 4A,B). The reduced
form is always pentacoordinated, consistent with
spectroscopic evidence, and the bound NO has a
similar bent geometry, while the Fe-N distance is
1.8 Aî in the Ps. aeruginosa enzyme (Fig. 4B).
Several key points of the reaction mechanism of
cd1NIRs have been clari¢ed with the contribution of
functional and structural information, and can be
summarized as follows:
b catalysis occurs at the d1 heme with the substrate
(nitrite) and product (NO) bound to the iron via
the nitrogen atom;
b good candidates for protonation and dehydration
of bound nitrite are the His residues in the distal
pocket of the d1 heme;
b a nitrosyl intermediate is formed during catalysis;
b large conformational changes are seen upon reduc-
tion, which yield structurally similar reduced en-
zymes, leading to a pentacoordinated d1 heme
iron and a catalytic site open for the binding of
ligands.
There are still open questions, among which the
most relevant are the chemical nature of the nucleo-
phile involved in the displacement of NO and the
role of the redox state of the heme c during catalysis.
The latter may be involved in triggering the confor-
mational changes seen upon reduction and related to
the low rate of c-to-d1 electron transfer measured for
the Pa-cd1NIR. For the enzyme to accomplish a pro-
ductive turnover a balance between product release
and re-reduction of the d1 heme is critical to avoid
product inhibitory e¡ects.
3. Copper nitrite reductase
3.1. General properties
Copper-containing nitrite reductase (CuNIR) (EC
1.7.2.1) is present in about one-fourth of the denitri-
¢ers isolated up to now. CuNIR has been described
in both Gram-negative and Gram-positive (Bacillus
sp.) eubacteria and in Archea (Haloarcula sp.). The
better studied Gram-negative group comprises the
enzymes from Achromobacter cycloclastes [31], Alc.
faecalis S-6 [53] and Alcaligenes xylosoxidans [1],
Rhodobacter sphaeroides [67] and Ps. aureofaciens
[120].
The CuNIR class is more heterogeneous than the
cd1NIR one in terms of molecular properties (see
Table 2 for a summary); common features are the
trimeric quaternary structure and two distinct Cu
centers, one belonging to the type I Cu subclass
and the other being a type II Cu. Each subunit has
a molecular mass of about 40 kDa; the primary
structure is well conserved within each subclass,
ranging from 60 to 80% identity in di¡erent species.
The total number of Cu atoms found in enzymes
from di¡erent sources may di¡er considerably from
the ideal six, depending on puri¢cation and storage,
but six Cu atoms have been found in all crystal struc-
tures determined to date (see below).
Spectroscopic and site-directed mutagenesis studies
on the two Cu centers have shown that the type I site
is the redox active site from which the electrons nec-
essary for catalysis are transferred to the type II site,
6
Fig. 1. (A) 3D structure of oxidized Ps. aeruginosa cd1NIR (PDB ¢le 1NIR). (B) Stereo view of the conformational transition seen in
Ps. aeruginosa cd1NIR upon reduction and NO binding. (Reproduced with permission from Biochemistry 37 (1998) 13987^13996.
Copyright 1998 American Chemical Society.) The structure of the oxidized protein (red) is superimposed on that of the reduced-NO
bound (green); numbering is given complete of the subunit notation (A,B). Both the c heme (upper) and the d1 heme (lower) are dis-
played. The largest conformational changes seen involve (i) rotation of Tyr10B and (ii) movement of the c-domain loop bearing
Thr59A, with disruption of the hydrogen bond between the latter residue’s side-chain and Gln11B.
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where substrate binding occurs [1,56,61]. The pri-
mary product of CuNIR is NO; however, the en-
zyme can also yield a small amount (3^6%) of ni-
trous oxide (N2O) if NO is allowed to accumulate
[52,53]. Other reactions such as the conversion of
nitrite to ammonia or reduction of oxygen have
also been described [118].
The midpoint potential of the type I Cu is between
+240 and +260 mV in enzymes from di¡erent species
(Table 2); a redox potential of +260 mV was meas-
ured for type II Cu in A. cycloclastes nitrite reduc-
tase, but this value may vary in the presence of ni-
trite and can be as low as 200 mV, as is the case for
R. sphaeroides enzyme [76]. The nitrite-dependent
modulation of the active site redox potential suggests
that the intramolecular electron transfer is not ener-
getically favored in the absence of the substrate; the
¢rst order electron transfer rate measured by pulse
radiolysis was found to be 1.4U103 s31, slower than
reduction of type I Cu by external electron donors
[93]. Small copper proteins, like azurins and pseu-
doazurins, and bacterial cytochromes can donate
electrons to CuNIR, the hemeproteins being less fre-
quently involved [118]. The interaction involves elec-
trostatically complementary surfaces on both redox
partners, as shown by site directed mutagenesis [57].
3.2. Structure
The three-dimensional structure of the oxidized
and nitrite-soaked enzyme from A. cycloclastes
[2,36] and from Alc. faecalis S-6 [56] have been
solved to high resolution. More recently, the reduced
and reduced nitrite-soaked structures from Alc. fae-
calis CuNIR determined at 2.0 and 1.85 Aî resolution
were published, using data collected at cryogenic
temperatures [72].
Fig. 3. Proposed reaction mechanism for (A) cd1NIR and (B) CuNIR. The side chains of key residues in the active site pocket are
also shown.
Fig. 2. Chemical structure of heme d1.
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The overall architecture of the enzyme is always
that of a trimer with each monomer being formed of
two distinct domains (Fig. 5A), with a Greek key L-
barrel fold similar to that of cupredoxins. An exten-
sive network of hydrogen bonds, both within and
between the subunits of the trimer, confers consider-
able rigidity to the molecule [2]. The protein confor-
mation does not experience large shifts in atom posi-
tions neither at di¡erent pH values nor in the
di¡erent redox or ligand-bound states [2,36,56,72].
As outlined above, CuNIRs contain both type I
and type II Cu centers; in the three-dimensional
structure of CuNIR puri¢ed from A. cycloclastes
[36] it was shown for the ¢rst time that the type I
Cu sites (two His, one Cys and one Met ligands) are
located within each monomer, while the type II sites
are at the interface between monomers in the trimer,
with ligands (three His and one solvent molecule)
provided by two di¡erent subunits. The two Cu sites
are linked via a His-Cys bridge with a Cu-Cu dis-
tance of 12.5^13 Aî . The type II Cu is not essential
for subunit stability; consistently, only minor struc-
tural changes are observed in the type II Cu-depleted
enzyme from A. cycloclastes [91]. According to the
spectroscopic properties of the type I Cu, both ‘blue’
and ‘green’ CuNIRs can be identi¢ed (Table 2): in
the more common ‘green’ subtype, an intense ab-
sorption band is found at 460 nm, whereas in the
‘blue’ subtype, like in Alc. xylosoxidans, little absorp-
tion is present at 450 nm and a more intense band at
590 nm is present. The spectroscopic features of the
‘green’ subclass have been related to the geometry of
the tetrahedral type I Cu site, which shows shortened
Cu-S(Met) and longer Cu-S(Cys) bond lengths, to-
gether with altered ligand-Cu-ligand bond angles
with respect to the same site in plastocyanins. How-
ever, the recent determination of the crystal structure
of Alc. xylosoxidans CuNIR show little di¡erence to
the ‘green’ type I Cu [29].
3.3. Catalytic mechanism
A mechanism for the monoelectronic reduction of
nitrite from CuNIR was initially proposed which re-
sembled that already described for cd1NIR, involving
a Cu nitrosyl intermediate (Cu-NO) formed at the
type II Cu site. The presence of this species was in-
ferred from isotope exchange experiments in which
CuNIR was shown to produce N2O in the presence
of azide and hydroxylamine [48,52]. However, no
incorporation of 18O into NO could be obtained
starting from 18O-labeled water [5], suggesting that
the catalytic mechanism may follow alternative
routes than that involving rehydration of Cu(I)-
NO. Spectroscopic evidence from electron nuclear
double resonance (ENDOR) studies on Alc. xylosox-
idans CuNIR show that nitrite displaces a bound
water ligand [47]; no relevant coupling was, however,
seen when 15NO32 instead of
14NO32 was used, raising
the possibility that nitrite binds to the catalytic Cu
via an oxygen atom. Cu-nitrite coordination chemis-
try has been studied using model compounds in
which NO32 binding to Cu
 can occur through
both N- and O-coordination and to Cu2 via O-co-
ordination [41,97]. Stoichiometric NO evolution is
obtained upon protonation of a biomimetic Cu ad-
duct with N-NO32 coordination [41]. Although these
results suggest that only N-coordinated nitrite is cat-
alytically productive, linkage isomerism (O-to-N-
NO32 ) has also been observed and hence initial for-
mation of a Cu2-O-NO32 adduct followed by iso-
merization to Cu-N-NO32 is still a reasonable pos-
sibility [41]. A reaction mechanism has been
proposed [72], which is summarized in Fig. 3B.
The structure of the type II Cu site in the absence
and in the presence of nitrite has been elucidated for
both oxidized (from A. cycloclastes and Alc. faecalis)
[2,72] and reduced CuNIR (from Alc. faecalis) [72].
The active site in the absence of substrate shows a
type II Cu with nearly perfect tetrahedral geometry,
with three out of four coordination bonds occupied
by the NO of three His, and the fourth by an oxygen
atom from a water molecule (Fig. 5B). Two residues
(Asp98 and His255), located in proximity of the Cu-
bound water molecule, may act as proton donors
during catalysis. The active site residues are more
hydrophilic on one side and more hydrophobic on
the other, suggesting a possible route for NO escape.
Nitrite binds to type II Cu2 in place of the coordi-
nated solvent molecule via an oxygen atom (Fig. 5B),
and it is hydrogen bonded to Asp98 and two other
water molecules. The nitrite’s nitrogen atom is more
bent away from the Cu in the Alc. faecalis structure
[72] than in the A. cycloclastes one [2]. A lower oc-
cupancy (i.e. a weaker bond) of the nitrite molecule
is found in the reduced form, with a less ordered
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hydrogen-bonding network. This evidence, together
with the absence of a fourth ligand in the fully re-
duced Alc. faecalis CuNIR structure, has been used
to support the hypothesis that O-coordinated bind-
ing of nitrite to oxidized Cu is the ¢rst event in
catalysis [72], followed by reduction of the type II
Cu. This mechanistic view is also supported by recent
results on the R. sphaeroides CuNIR which show
that upon nitrite binding a decreased covalency of
the Cu-NO(His) bond is observed. This may explain
the nitrite-induced increase in type II Cu redox po-
tential, and the increased probability of electron
transfer from type I Cu [76,102].
As previously shown for cd1NIR, knowledge of
structural data on di¡erent forms of CuNIR has
helped considerably to unravel the mechanism of re-
duction of nitrite to NO. Also in the CuNIR system,
some details still are unclear: among these, the na-
ture of the productive intermediate during catalysis,
whether ligand isomerization may occur and the pos-
sibility that the Cu nitrosyl species could be formed
by a rebound mechanism, similar to that proposed
for N2O production. The resemblance of the CuNIR
active site to that of carbonic anhydrase and other
Zn-containing enzymes has been noted previously
[91], suggesting that a common catalytic strategy
might be operative in metalloenzyme-driven dehydra-
tion reactions. In both classes of enzymes, binding of
the substrate occurs asymmetrically with one oxygen
bound to the catalytic metal (Cu or Zn) and a hydro-
gen bond formed to a proton-abstracting group
(carboxylate or hydroxide). Release of the product
leaves an hydroxide or a water molecule bound to
the metal and hydrogen bonded to the same ioniz-
able group.
4. Nocardia NO synthase
The only known bacterial NO synthase is that
from Nocardia species, designated NOSNOC [20,21].
Gel-¢ltration studies have shown that the enzyme is
a soluble homodimer (Mr 11O kDa), di¡erent from
those found in mammalian NOS [21]. Moreover, the
N-terminal sequence of this protein shows no homol-
ogy to its mammalian counterpart [21]. The enzyme
is capable of catalyzing the conversion of L-arginine
to L-citrulline and NO; the activity depends on the
presence of NADPH, FAD, FMN, tetrahydrobiop-
terin and Ca2, similarly to the NOS from neutro-
phils. NG-Hydroxy-L-arginine is an intermediate in
the enzymatic reaction and competitive inhibition
of the enzyme is obtained with NG-methyl- and
NG-nitro-L-arginine. Although the general catalytic
properties of NOSNOC are similar to those of the
mammalian NOS, a di¡erent pattern of stoichiomet-
ric relations between products, cofactors and inhib-
itors suggests that the reaction mechanism may not
Fig. 4. Structure of the d1 heme pocket in the NO-bound
cd1NIR from (A) Ps. aeruginosa and (B) P. denitri¢cans GB17.
Relevant distances are shown as dashed lines; numbering is giv-
en complete of the subunit notation (courtesy of C. Cambillau).
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be the same. Further characterization is therefore
needed before more precise considerations can be
made.
The possible involvement of NOSNOC in pathogen-
esis of Nocardia has been suggested, but not directly
proven [21]. It is noteworthy that in a closely related
species, the Rhodococcus sp., an enzyme has been
found with a non-heme iron center which is tightly
regulated by NO [14,73]. This enzyme is a nitrile
hydratase since it catalyzes the speci¢c hydration of
nitriles into the corresponding amides; it is of great
biotechnological interest being currently used in the
industrial production of acrylamide. The enzyme is
inactivated by addition of NO, which binds to the
non-heme iron, and photoreactivation can occur
with full recover of the enzymatic activity [14].
Whether there is an in vivo relationship between
the bacterial NOS and the NO/light-regulated activ-
ity of nitrile hydratase (or similar enzymes) is un-
known.
Fig. 5. (A) Schematic drawing of the 3D structure of CuNIR from Alc. faecalis S-6. The copper atoms are represented as ¢lled circles.




Property Alc. xylosoxidans A. cycloclastes Alc. faecalis S-6 R. sphaeroides
Molecular mass (kDa) homotrimer 103 108 100.4^119 140
VIS absorbance (nm) 460, 593, 770 400, 458, 585, 700 400, 457, 587, 700 390, 457, 589, 700, 810
No. of Cu atoms/holoenzyme 3.5+0.8 4.6 4.5
EPR parameters
Type I Cu (g) 2.212 2.195 2.19 2.19
Type I Cu, A (mT) 6.3 7.3 7.8
Type II Cu (g) 2.29 2.262 2.30 2.34
Type II Cu, A (mT) 14.2 17.5 16.3
Electron donor(s) Cyt c553 Pseudoazurin/cyt c Pseudoazurin Cytochrome c2
Em (mV)
Type I Cu +260 +240 +247
Type II Cu +260 6+200
Activity (Wmol min31 mg31)
NO32CNO 240 280 380 40
(Electron donor) (MV) (PMS-Asc) (MV) (Yeast Cyt c)
Km for NO32 (WM)
a 230 500 74 14 (Yeast Cyt c)
35 (BV)
Refs. [1,29,65] [28,36,50,51,62] [53,56] [67,76,102]
aValues obtained with the same electron donors as for the nitrite reductase activity, unless otherwise stated.
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5. Bacterial metabolism of nitric oxide
A detailed discussion on the factors a¡ecting the
fate of NO inside the bacterial cell is beyond the
scope of this article, and have been reviewed else-
where [118]; there are, however, some observations
that are worthy of discussion and will be brie£y sum-
marized here.
At the genomic level, the genes for denitri¢cation
are often not tightly clustered on the chromosome,
with the notable exception of the nir-nor cluster
found in Ps. aeruginosa [118] and some other cd1-
containing bacteria.
The concentration of steady state extracellular NO
during denitri¢cation is maintained within the 1^50
nanomolar range [38,118]. Since NO is readily di¡us-
ible, a similar concentration is expected to be found
in the periplasm of denitri¢ers, without the occur-
rence of harmful cytotoxic e¡ects.
The control of the steady state concentrations of
NO in denitri¢ers is mainly achieved by global tun-
ing of nitrite and NO reduction: a tight interdepend-
ence has been observed between the expression and
activity of NIR and NO reductase (NOR) in vivo
[26,27,114]. This interconnection encompasses several
factors including: (i) product inhibition of nitrite re-
duction by NO binding to NIR; (ii) localization of
NO reductase on the cytoplasmic membrane, so to
prevent NO di¡usion to the cytoplasm; (iii) very ef-
¢cient NO binding to NO reductase (Km in the nM
range) which is, almost irreversibly, converted to
N2O, a stable compound, and (iv) coregulation at
the transcriptional level of nir and nor gene clusters.
Regulation of gene expression is particularly intri-
guing since it involves redox-linked transcription fac-
tors, such as the FNR-like factors [40]. These pro-
teins are structurally related to the catabolite
activator protein (CAP) from Escherichia coli, and
contain a [Fe-S] cluster bound to a set of conserved
cysteines. To this group belong the anr-like proteins
(ANR, FnrA, FnrP) which upregulate the expression
of several genes, including those involved in denitri-
¢cation, under low oxygen tension [24,100,116]. It is
now evident, however, that regulation of denitri¢ca-
tion requires other modulatory factors. The more
recently discovered, but not less interesting, class in-
cludes proteins like dnr [3,4], nnr [100], nnrR [99] and
fnrD [118] which regulate both nir and nor gene ex-
pression. These proteins lack the conserved cysteine
cluster, being more similar to FixK [9]. The NO de-
pendence of the transcriptional activity of promoters
containing FixK-like cis elements has suggested that
these factors may act as NO sensors in vivo [59];
more evidence along these lines is awaited.
Unraveling the mechanism of NO-regulated gene
expression is one of the most challenging goal of
future research in denitri¢cation and, generally
speaking, may have relevant outcomes also for eu-
karyotic NO research.
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